To evaluate the incidence, mechanism, and clinical implications of atrioventricular (AV) block during catheter radiofrequency (RF) ablation of the cavotricuspid isthmus (CTI). Although RF ablation of atrial flutter is the most frequently performed ablation procedure, data on the incidence and significance of an AV block occurring during the procedure are scarce.
Introduction
Atrial flutter is a common arrhythmia, and catheter ablation of the cavotricuspid isthmus (CTI) using radiofrequency (RF) energy is currently the most frequently performed procedure in the USA. 1 Cavotricuspid isthmus ablation is associated with a 90-95% success rate and a very low complication rate (,1%). 2 Atrioventricular (AV) block had been observed in 3 of 673 (0.4%) patients collected in 12 reports on CTI ablation that included study populations .40 patients. 2 In the present study, we sought to assess the incidence, mechanism, and clinical implications of an AV block occurring during RF ablations of the CTI in a large cohort of patients in a single centre.
Methods

Study population
All 845 consecutive patients who underwent CTI ablation in our medical centre from March 1998 and June 2010 were included in the study. Data were prospectively collected on 621 males and 224 females, ranging in age from 18 to 99 years (mean 67.7 + 12.7 years). Most of these patients (n ¼ 516; 61%) had no obvious organic heart disease, 213 (25%) had ischaemic heart disease and the remaining 116 (14%) had miscellaneous cardiac diseases. Most of the patients (n ¼ 787; 93%) underwent a single-ablation procedure, whereas the remaining 58 (7%) underwent ≥2 procedures (the mean number of procedures per patient was 1.08). The atrial flutter was persistent in 448 (53%) patients and paroxysmal in the remaining 397 (47%). Ablation of the CTI was successfully achieved in 87% of patients.
Electrophysiologic study and ablation
After giving their informed consent, the patients were sedated with a combination of morphine and midazolam. An electrophysiologic study was performed by using either two decapolar catheters (one in the coronary sinus and one at the lateral para-annular part of the right atrium) or a duodecapolar were systematically added to improve catheter stability. Patients who exhibited sinus rhythm at the beginning of the procedure underwent pacing from the proximal coronary sinus and low lateral right atrium at a cycle length of 600 ms to assess bidirectional isthmus conduction at baseline. For this purpose, the ablation catheter was moved at the His bundle area. Concealed entrainment mapping was not systematically performed to confirm isthmus dependence of the atrial flutter when the activation sequence suggested a typical counterclockwise or clockwise mechanism in the patients who demonstrated atrial flutter at baseline. Patients who presented with atrial fibrillation or atypical atrial flutter were converted with direct current cardioversion after delivery of three RF lines in the CTI. Radiofrequency lines were first delivered at the mid (6.00 o'clock) or lateral (7.00 o'clock) parts of the CTI and, in the event of failure, at the septal part (5.00 o'clock). Linear lesions were created by use of a point-to-point technique with gradual pulling back of the catheter from the tricuspid ring to the inferior vena cava. Radiofrequency energy was delivered for 20 s at each point where after the catheter was moved. The target temperature was set at 608C when temperature-guided ablation catheters were used, and the output was pre-set at 50 W with a maximum temperature of 508C when cooled tip ablation catheters were used. Success of the procedure was defined as bidirectional isthmus block confirmed by pacing from the proximal coronary sinus and the lower right atrial free wall.
Procedure-related atrioventricular block
A baseline 12-lead electrocardiogram (ECG) was recorded at the beginning of the ablation procedure before the introduction of any of the catheters. Four surface leads (I, II, III, and V1) and multiple intracardiac electrograms were closely monitored during placement of the diagnostic and ablation catheters in the cardiac chambers. An AV block was arbitrarily defined by the occurrence of a complete AV block lasting ≥3 s during either catheter manipulation or the administration of RF pulses. The duration of the block was prospectively recorded. The longest episode was selected for analysis in the patients who had repeated episodes of AV block during RF pulse delivery. In cases of a prolonged AV block, ventricular pacing was performed after moving the ablation catheter in the right ventricle. When AV block occurred during RF ablation, attempts were made to note the position of the ablation catheter (septal vs. mid or lateral isthmus), and a 12-lead ECG was obtained to check for possible associated ST-T changes. In addition, attempts were made to obtain a His bundle recording to assess the site of the block in cases of a persistent AV block. A permanent pacemaker was implanted at the end of the ablation procedure or on the following day when the AV block was long lasting or was considered to have resulted from severe infranodal conduction disturbances.
Statistical analysis
All continuous variables were presented as mean + standard deviation and all categorical variables were presented as number of patients and percentages. For categorical variables the comparisons were done using the x 2 analysis and for continuous variables using independent Student's t-test. For all statistical analyses, P value ,0.05 was considered statistically significant.
Results
Incidence and mode of onset of atrioventricular block during the ablation procedure A total of 16 (1.9%) patients had AV block during CTI ablation ( Table 1) . They included 13 males and 3 females, with a mean age of 71.6 + 14.3 years (range 34-88 years). Eight patients had ischaemic heart disease (seven of them had an old myocardial infarction), and the other eight had no apparent heart disease. The AV block occurred during delivery of 1-4 RF lines in 12 patients (Group 1) and during manipulation of catheters in the cardiac chambers (and before the administration of RF pulses) in 4 patients (Group 2). The AV block was observed during catheter manipulation in both instances in the only patient who exhibited AV block during two ablation procedures. There were no significant differences in baseline demographic parameters between the patients who exhibited AV block during CTI ablation procedures and those who did not ( Table 2) , as well as between the Groups 1 and 2 patients. The proportion of patients with ischaemic heart disease in Group 1 (6 of 12; 50%) and in the combined Groups 1 and 2 (8 of 16; 50%) was, however, significantly greater than in patients who did not develop AV block during the ablation procedure (205 of 829; 24.7%; P ¼ 0.04 and P ¼ 0.02, respectively). In addition, a complete left bundle branch block (LBBB) was present on the baseline ECGs of all 4 Group 2) patients (none of whom had a history of syncope suggestive of paroxysmal AV block), whereas it was absent in all of 12 of the Group 1 patients (P , 0.001).
Mechanism of the atrioventricular block
No ST-T changes were detected in any Group 1 patients on 12-lead ECGs just prior to and after the AV block occurrence. The position of the ablation catheter could be determined at the time of the AV block in eight Group 1) patients: it was septal in seven patients and lateral in only one patient. The ablation catheter used at the time of the AV block was an EPT-4 mm tip in six Group 1) patients, an EPT-8 mm tip in five patients and a Cordis cooled tip in one patient. The AV block occurred at the early stages of the procedure, i.e. during the introduction of the sheaths and the diagnostic catheters in all four Group 2 patients. This was observed during attempts to catheterize the coronary sinus in three of them, while it was related to manipulation of the wire of the flutter sheath in the right atrium in one patient. 
Site of the atrioventricular block
The site of the AV block could be determined as being at the AV node in four Group 1 patients with available His recordings and normal baseline intraventricular conduction. The location of the AV block in the other eight Group 1 patients was presumed to be in the AV node, based on the normal baseline intraventricular conduction (six patients) and the fact that it was associated with severe chest pains in two patients with right bundle branch block (RBBB). His bundle recording confirmed the infranodal location of the block in three Group 2 patients who developed an AV block during their single ablation procedure. The site of the block could not be established during the first study of the sole Group 2 patient who exhibited AV block during his two ablation procedures (patient no. 15) while an infranodal location could be demonstrated during the second procedure.
Duration of atrioventricular block and need for pacing
Atrioventricular block was short lived and led to discontinuation of the RF pulse in 11 Group 1 patients. They all displayed resumption of normal AV conduction within 1 min. Temporary ventricular pacing was required in only four patients. The ablation procedure continued uninterruptedly in 8 of 11 patients. One patient experienced a complete AV block at the first RF pulse given during atrial flutter; the block was preceded by AV junctional ectopic beats. It lasted for at least 1 h, prompting implantation of a permanent pacemaker at the end of the procedure. Three Group 2 patients developed an AV block that lasted 1, 15, and 60 min, respectively. All three patients required temporary pacing after which the ablation procedure was continued in one patient. In the one patient (no. 15) who exhibited AV block during his two ablation procedures, the first block lasted 3 s and the second lasted 5 min. A prophylactic permanent pacemaker was implanted after the ablation procedure in all Group 2 patients (in patient no. 15 after the second procedure). The distributions of the occurrence of an AV block and pacemaker implantation over the study period were as follows: seven AV blocks and two pacemakers between 1998 and 2003 and nine AV blocks and three pacemakers between 2004 and 2010.
Procedure success
The ablation procedure success rate in the 'AV block group' was 50% while it was 88% in the 'no AV block group'. The difference was highly significant (P , 0.0001).
Correlation between left bundle branch block morphology and atrioventricular block
Following the recent report of Padanilam et al., 3 all baseline tracings of Group 2 patients were analysed for the presence of a significant initial r wave (.1 mm) in lead V1 and lateral q waves. These signs were not present in any of four Group 2 patients.
Discussion Main findings
To the best of our knowledge, this is the first study on the incidence and mechanism of complete AV block during RF ablation of CTI in a large cohort of patients. Our analyses yielded a number of interesting findings:
(1) This complication occurred in 1.9% of the patient population.
(2) The AV block was short lived and associated with complete restoration of AV conduction within 1 min after discontinuation of the RF pulse in most cases (11 of 16; 69% (His bundle or RBB) in patients with pre-existing LBBB (four patients) rather than to the ablation itself (one patient). (4) Atrioventricular blocks occurring during CTI ablation were frequently associated with septal RF lines. (5) Patients with ischaemic heart disease were more prone to develop AV block; however, no myocardial ischaemia suggesting coronary artery injury was suspected in any of the patients of our present series.
Prior studies on atrioventricular block during cavotricuspid isthmus ablation
In a meta-analysis of studies of ablation of atrial flutter involving ≥40 patients, Spector et al. 2 reported the occurrence of AV block in 3 of 673 (0.4%) patients (extracted from a total of 12 reports) and the need for a pacemaker in 1 (0.2%) of 550 patients (extracted from a total of 11 reports). That latter case was observed by Anselme et al. 4 in a series of 72 patients, yielding an incidence of 1.4%. Those authors also noted transient AV blocks in four (6%) of their patients, and all of the AV blocks occurred during ablation at the posterior side of the isthmus and not at the anterior side. Passman et al. 5 observed a second-degree AV block requiring pacemaker implantation in 1 (5%) of their 20 patients during the 11th application of RF energy in the isthmus. The block was preceded by the appearance of junctional ectopic beats without retrograde activation. We found two case reports of AV block during CTI ablation in the literature. Posan et al. noted a 2:1 AV block in sinus rhythm at the first RF application delivered at 6:00 o'clock on the tricuspid annulus, with normal AV conduction being resumed on discontinuation of the pulse. In the second case, a recurrent 2:1 AV block was observed after progressive PR prolongation during the second ablation delivered slightly laterally to 06.30 o'clock. Again, normal AV conduction was resumed on discontinuation of the pulse. Further RF applications delivered at the same site after administration of atropine resulted in a bidirectional CTI block with no adverse effects on AV nodal conduction. Brembilla-Perrot et al. 7 reported the occurrence of persistent complete AV block associated with ST elevation in the inferior ECG leads in 1 of 740 consecutive patients undergoing CTI ablation. Emergency coronary angiography showed an acute occlusion of segment III of the right coronary artery. Percutaneous coronary angioplasty with stent implantation followed by periprocedural antithrombotic therapy restored coronary flow and was associated with immediate resumption of normal AV conduction. Right coronary artery damage during CTI ablation is a rare but potentially serious complication of CTI ablation. 8 -10 In our study, 0.12% incidence of an AV block requiring pacemaker implantation and resulting from the ablation itself was similar to 0.2% incidence rate reported in the meta-analysis of Spector et al.
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Mechanism of the atrioventricular block
Posan et al. 6 suggested three possible mechanisms of this complication: (i) direct injury to the AV node or critical inputs to the AV node, (ii) increased vagal tone due to pain or stimulation of epicardial vagal fibres or ganglia that are dense in the isthmus area via Bezold -Jarish like reflex, and (iii) acute occlusion of the right coronary artery. The first mechanism seems the most plausible for the single patient in our series who developed longlasting AV block during the RF pulse. In 11 patients who developed transient AV block during the RF pulse, the block was more likely due to either AV nodal injury or increased vagal tone. Since chest pains are frequently observed during CTI ablation and since our patients were routinely sedated, it is difficult to attribute the origin of an AV block to a vagal mechanism based solely on the occurrence of pain during RF pulse delivery. Also, the fact that most cases of ablation lines associated with AV block are septal lines precludes our ability to decide between two first mechanisms of block suggested by Posan et al. 6 since it is well known that CTI ablation in the septal area is both painful and close to the AV node. On the other hand, an acute coronary occlusion seems an unlikely explanation in these 11 patients, based on the lack of any ischaemic ECG changes during and after the occurrence of AV block. It is, however, interesting to note that as many as one-half of these patients (6 of 11; 54.5%) had ischaemic heart disease and therefore one cannot rule out the possibility that some compromise to the AV nodal artery could have been a precipitating factor in AV block occurrence.
A mechanism of AV block during CTI ablation procedures that had not been reported previously was observed in four of our study patients. Each of them had a pre-existing LBBB and each developed complete infranodal block during manipulation of diagnostic catheters or wires in the right cardiac chambers. Mechanical trauma to the RBB is a frequent complication of right heart catheterization, 11 and the sudden occurrence of an AV block during His bundle recording or catheter manipulation in patients with preexisting LBBB is well known. 12, 13 Mechanical trauma to the rightsided His bundle is another possibility of AV block especially if the LBBB results from a His bundle disease. Therefore, it is not surprising that AV block mainly occurred during attempts to position catheters in the coronary sinus. In addition, the fact that none of these patients had significant initial r waves in V1 or q waves in lateral ECG leads suggests that these patients had a 'true complete LBBB' and were at high risk for complete AV block in response to catheter trauma to the RBB. 3 Study limitations (i) Since our patients were sedated, one cannot exclude the possibility that a higher incidence of transient, vagally mediated AV block due to chest pains would have been observed in the absence of sedation; (ii) baseline HV measurements were not systematically performed, which limits the accurate assessment of the site of block; (iii) we did not systematically compare the effects of the positioning of the RF lines on the occurrence of an AV block (RF lines were first delivered at the lateral or mid part of the isthmus and at the septal part only in case of failure); (iv) it has been our policy to routinely implant a pacemaker in patients with LBBB and catheter-induced complete infranodal AV block, and such a policy could have led to unnecessary implants, at least during the short term, in some of our patients. However, it is interesting to note that in Padanilam et al.'s 3 study, 17% of patients in whom catheter trauma to the RBB resulted in AV block developed spontaneous complete AV block during follow-up, supporting our policy.
Clinical implications
The results of our study confirm the rarity of the occurrence of permanent AV block requiring pacemaker implantation following CTI ablation. The occurrence of an AV block related to the procedure is not negligible, however, and it is mostly observed in patients with pre-existing 'true complete LBBB'. In these patients, placement of diagnostic catheters, especially in the coronary sinus, should be especially meticulous, and ventricular pacing back-up facilities should be available before catheter placement. Alternatively, catheterization of the coronary sinus could be avoided and right ventricular pacing could be used to assess trans-isthmus conduction. 14 In addition, given the increased risk of an AV block (albeit usually transient) when using a septal approach, its use should be reserved as a last resort during CTI ablation. Finally, although no coronary artery injury was responsible for the occurrence of an AV block in our study, it should be carefully sought and ruled out, especially in ischaemic patients, due to its potential deleterious consequences.
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